LOV domain (LOV2) acts as a dark-state repressor of phototropin's kinase activity 13 . Lit-state adduct formation promotes the undocking and unfolding of the C-terminal Jα helix 14, 15 , but how structural and dynamic changes within the LOV2 domain couple these events to kinase activation has yet to be fully elucidated 14, 16 .
Genetically encoded protein photosensors are promising tools for engineering optical control of cellular behavior; we are only beginning to understand how to couple these light detectors to effectors of choice. here we report a method that increases the dynamic range of an artificial photoswitch based on the LoV2 domain of Avena sativa phototropin 1 (asLoV2). this approach can potentially be used to improve many asLoV2-based photoswitches.
Photoswitchable proteins offer the unique ability to perturb living cells, tissues and intact organisms with high spatial and temporal precision 1 . In particular, genetically encoded photoswitches such as LOV (light, oxygen, voltage) and phytochrome domains can be conveniently used in many different experimental contexts [2] [3] [4] [5] [6] [7] . The LOV2 domain of Avena sativa phototropin 1 (AsLOV2) has proven especially useful for controlling functionally diverse effectors including DNA-binding proteins, enzymes and small GTPases 2, 3, 5 . Biophysical investigations are needed to understand how these genetically encoded light detectors are coupled both to their natural effectors and to effectors of our choosing 8 .
AsLOV2 and other LOV domains were first identified in phototropins, a class of light-activated serine/threonine kinases that mediate phototropism and other blue-light responses in plants and algae 9, 10 . LOV domains share the mixed α/β fold common to the Per-ARNT-Sim class of environmental sensors 8 and carry a flavin chromophore (either FMN or FAD) that broadly absorbs blue light. Although these cofactors are noncovalently associated with the surrounding LOV domain in the dark, photoexcitation generates a covalent adduct between the flavin C4a carbon atom and an invariant cysteine residue 11, 12 . After illumination ceases, this adduct spontaneously decays to the dark state 11 .
For phototropin LOV domains, the formation of this adduct is associated with kinase activation. In the dark state, the second To narrow the search for such mutations, we developed an analytical model of photoswitching. We focused on how fusion with an effector domain might itself restrict the dynamic range of the photoswitch. In isolated AsLOV2, the Jα helix is normally docked against the LOV core. When AsLOV2 is part of a composite signaling protein, a competition for Jα helix docking is set up between the components 15 . To create a molecule that signals effectively, fusion with an effector domain should introduce intra-or intermolecular interactions. These new interactions may favor the undocking of the Jα helix from the LOV core, thereby increasing the equilibrium constant of helix undocking by the factor x fus :
where the equilibrium constant of helix undocking is represented by K helix , and the superscripts 'iso' and 'fus' refer to isolated and fused AsLOV2, respectively (Fig. 1a,b) . The shift in docking equilibrium, x fus , will depend on the strength of the new interactions created by the fusion and on the effector's intrinsic conformational equilibrium. Bringing the conformational equilibrium between active and inactive states into an appropriate regime (Fig. 1b) is a central challenge of engineering allosteric proteins and nucleic acids 18 . Photoswitching requires that the effector activity be suppressed in the dark state. However, this suppression is achieved only when the Jα helix is docked to the LOV core. The new interactions introduced by fusion are likely to favor undocking of the helix and increase unwanted dark-state effector activity. Potentially, the active conformation can predominate even in the dark state, such that the molecule is 'always on' and cannot be further activated by photoexcitation (Fig. 1b) .
The undesirable effects of competition for the Jα helix might be mitigated using mutations that stabilize LOV-Jα docking. These mutations would change the equilibrium constant of helix undocking by the factor x mut :
where the superscripts 'wt' and 'mut' refer to wild-type and mutated species, respectively. By definition, for isolated wild-type AsLOV2, x mut = 1. For mutations that destabilize the LOV-Jα interaction (for example, I532E 15 ), x mut < 1. For mutations that stabilize LOV-Jα docking, and thereby reduce dark-state effector activity, x mut > 1.
To be independent of x fus , x mut should not depend on coupling between AsLOV2 and the effector or on the effector's intrinsic conformational equilibrium, but could depend on the photostate. To represent the combined effects of fusion and mutation on LOV-Jα docking, we used the parameter x eff :
x x x eff mut fus = Generally, when x eff << 1, the Jα helix is undocked from the LOV domain and the effector domain is active. Conversely, as x eff increases, LOV-Jα docking increases and effector activity is suppressed (Fig. 1c) . Intuitively, one expects that mutations that increase LOV-Jα docking equally in the lit and dark states would have no net effect on the photoswitching dynamic range (assuming that coupling between LOV-Jα and effector is the same in both states; that is, x fus is independent of photostate). We questioned this supposition. In LovTAP, the DNA-binding activity obeys a linked equilibrium model in which helix undocking promotes an active, binding-competent conformation (Fig. 1c) . The competition for the Jα helix reduces the observed DNA-binding affinity by the fraction of the population that is in the active conformation: 
Under the assumption that x eff is the same in the lit and dark states, the photoswitching dynamic range becomes: We next used available computational tools to predict mutations that increase LOV-Jα docking by either increasing helix propensity, increasing new tertiary interactions or increasing the electrostatic complementarity ( Supplementary Fig. 1 and Online Methods). We quantified this stabilization (expressed as x mut in our model) for four point mutations and two tandem mutations using NMR and circular dichroism (CD) spectroscopy. The mutations all stabilized helix docking in both the dark and lit states ( Fig. 2a and Supplementary  Fig. 2 and Online Methods). Generally the CD-derived x mut lit values were similar to the NMR-derived x mut dark values (Fig. 2a) . However, for the G528A mutant and the G528A,N538E tandem (6) (6) mutant, x mut dark << x mut lit . This may reflect experimental error in determining these quantities (see Online Methods), or it may reveal that for some mutations x mut dark ≠ x mut lit . To test how mutations that stabilize the LOV-Jα interaction in the isolated AsLOV2 domain influence the dynamic range of the LovTAP photoswitch, we used a restriction enzyme protection assay to measure the DNA-binding affinity of LovTAP 2 (Fig. 2b) . We found that the G528A mutation reduced dark-state DNA binding affinity by 50%. Similarly, the I532A and N538E mutations each reduced dark-state DNA binding by 75% (Table 1) . Notably, the N538E mutation also decreased lit-state DNA binding by 50%. This decrease may result from the introduction of a negatively charged residue near the DNA-binding site of TrpR, and its occurrence highlights the fact that x mut and x fus may not be fully independent. When introduced together, the G528A and N538E mutations decreased dark-state DNA-binding affinity by 90%, without changing the litstate binding, and increased β from ~5 to ~70 (Table 1) .
We compared these DNA-binding affinities to those predicted by our model. To determine the relationship between the predicted and observed affinities for the dark state, we need a reference value of x fus (equation 3). In wild-type LovTAP 2 , β = 5.3 and, by equation 6, x fus = x eff = 0.28. We used this value of x fus as the reference for calculating values of x eff in mutant species. We found that the predicted dark-state DNA-binding affinities agreed well with the observed values (Fig. 2c) . According to equation 6, the lit-state DNA-binding affinity is independent of x eff when x eff < 10. Consistent with this prediction, all of the mutants had lit-state DNA-binding affinities that were approximately equal to that of the original LovTAP design (Fig. 2c) .
In summary, fusion of AsLOV2 with an effector introduces new interactions and a competition that depopulates the marginally stable Jα-docked conformation in the dark state. Because suppression of effector activity requires helix docking, the competition leads to undesired activity in the dark. Conversely, mutations that stabilize the Jα-docked conformation should shift this docking equilibrium back to a regime in which the helix is mostly docked in the dark state. From this condition, light can again be used to drive the protein from a largely docked state to a largely undocked state (Figs. 1c and 2c) .
On the basis of this analysis, we identified helix-stabilizing mutations and showed that the mutations generally stabilized the LOV-Jα interaction equally in the dark and lit states. As predicted by our model, these mutations increased the dynamic range of our designed DNA-binding photoswitch by up to approximately tenfold, to a final lit-to-dark activity ratio of β ≈ 70. Moreover, our model suggested that greater dynamic range can be achieved by further stabilization of the LOV-Jα interaction (Fig. 2c) .
A systematic mutational screen of the Jα helix may uncover other stabilizing mutations. However, for x eff >> 10, the helixdocked, inactive state predominates even in the lit state. In this regime, mutations that stabilize the LOV-Jα interaction equally in the dark and lit states no longer offer an increase in photoswitching. Additional improvements will require either the discovery of mutations that act differentially in the dark and lit states or the exploitation of dimeric or multimeric systems in ways that offer cooperativity (Online Methods).
Other designed AsLOV2-based photoswitches also rely on helix docking for dark-state suppression of activity 3, 5 . In these designs, as in LovTAP, fusion with the effector domain probably introduces competition for helix docking, thereby increasing darkstate activity and limiting the dynamic range of photoswitching. Because the mutations described here are in the LOV domain itself, they should reduce undesirable dark-state effector activity and improve these other designs and other future AsLOV2-based photoswitches. methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Note: Supplementary information is available on the Nature Methods website. acknowLedGments
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The model presented in equations 1-6 should be valid for a monomeric system in which only one helix undocking event is required for full activation. Because LovTAP binds DNA as a homodimer, we also investigated an alternative model in which full activation requires undocking of both helices from their respective LOV domains. In this model, the helices undock independently with equilibrium constants K helix /x eff :
This model also agrees with the lit-state DNA-binding data for the accessible range of x eff values in this study ( Supplementary  Fig. 3 ). However, in the dark state, the experimental DNA-binding data can be accurately predicted only by the the monomeric model (Supplementary Fig. 3) . Although LovTAP binds DNA as a dimer, for reasons that are unclear it follows a model of photoactivation that is characteristic of a monomeric protein.
Computational prediction of stabilizing mutations. We followed two strategies to identify mutations that increase the probability of LOV-Jα docking. First, simulated mutations were introduced in the 27-residue Jα helix to increase its intrinsic helical propensity or create favorable tertiary contacts between it and the LOV core. We submitted point-mutated Jα (AsLOV2 residues 523-543) to AGADIR 19 (http://www.embl-heidelberg. de/Services/serrano/agadir/agadir-start.html). Helicities were scored with the following settings: pH = 7; T = 278 K; ionic strength = 0.1; N term = acetylated; C term = amidated. We identified three mutations, G528A, I532A and N538E, that increase Jα's average intrinsic helicity from 1.5% to 6.5%, 2.1% and 2.0%, respectively. Several other mutations that were predicted to increase helicity by AGADIR either had no effect on photoswitching (for example, R526D) or constitutively undocked the Jα helix (G528L) (data not shown). Gly528 and Ile532 are in the hydrophobic interface between the LOV core and Jα, so that changes to either may improve tertiary packing (or perhaps destabilize it, in the case of G528L) ( Supplementary  Fig. 1 ). The N538E mutation may create a salt bridge with Lys413 (Supplementary Fig. 1) .
Second, we used the program HyPARE to screen potentially stabilizing mutations in silico 20 . HyPARE performs electrostatic calculations on a pair of known structures to predict how the introduction of a new charge would affect the bimolecular association rate constant (k on ). We divided the dark-state AsLOV2 crystal structure 16 into two parts: the LOV core (residues 404-519) and the Jα helix (residues 520-546). HyPARE predicted that the introduction or (7) (7) change of charged residues at four sites (Asp419, Phe429, Tyr508 and Ile510) would increase k on between these two segments.
AsLOV2-Jα protein sample preparation. An AsLOV2-Jα construct containing residues 404-546 of A. sativa phototropin 1 was used in this study. We used the QuikChange site-directed mutagenesis kit (Stratagene) to introduce the D419K, F429K, Y508K, I510K, G528A, I532A and N538E mutations. Expression and purification of the wild-type and mutant proteins was performed as described 14 with minor modifications.
For NMR spectroscopy experiments, the proteins were expressed from plasmid pHis 6 -GB1 in E. coli strain BL21(DE3), which was grown in M9 minimal medium (per liter of M9 medium: 6.6 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g NaCl, 1 g NH 4 Cl, 2 g glucose, 1 ml 1M MgSO 4 , 0.1 ml 1M CaCl 2 and 0.1 ml 0.5% thiamine) with 15 NH 4 Cl (Cambridge Isotope Laboratories) as the sole nitrogen source for uniform 15 N labeling. Uniform 13 C labeling was achieved by using 13 C 6 -glucose (Cambridge Isotope Laboratories) as the sole carbon source in M9 medium. Cultures were grown at 37 °C to A 600 nm of 0.8-1.0, induced with 0.5 mM isopropyl-β-d-thiogalactoside (IPTG) at 20 °C and kept in the dark. After 14 h of induction, the cells were collected in 50 mM sodium phosphate buffer (pH 7.5) containing 0.1 M NaCl, 5 mM 2-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride. The cells were lysed by extrusion and clarified by centrifugation at 26,000g for 20 min at 4 °C. The supernatant was loaded onto a Ni 2+ -NTA affinity column (Qiagen) for rapid purification of the His 6 -GB1-AsLOV2-Jα protein. The His 6 -GB1 tag was removed using TEV protease, and AsLOV2-Jα protein was purified from the cleavage mixture by anion-exchange chromatography (Source 15Q, GE Healthcare). Purified proteins were exchanged into 50 mM sodium phosphate buffer (pH 6) with 0.1 M NaCl. NMR spectroscopy samples contained ~1 mM protein, 10% D 2 O, 1 mM DTT and a protease inhibitor cocktail.
For CD spectroscopy experiments, the proteins were prepared as described above, except that the E. coli culture was grown in LB medium and final purification was done by gel filtration chromatography using a HiPrep 16/60 Sephacryl S-100 HR column (GE Healthcare) equilibrated with 10 mM sodium phosphate (pH 8.0), 65 mM NaCl and 0.1 mM EDTA.
LovTAP sample preparation. A PCR fragment encoding the LOV2-TrpR fusion protein was subcloned into the expression vector pCal-n (Stratagene) so as to be in frame with the N-terminal calmodulin-binding peptide. BL21(DE3) E. coli (Novagen) carrying this vector was grown in LB medium at 37 °C to an OD 600 ~ 0.5 and induced at 20 °C by the addition of 0.3 mM IPTG. After ~16 h, the cells were collected by centrifugation and resuspended in B buffer (50 mM Tris (pH 8.0) 150 mM NaCl, 1 mM imidazole, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM BME and EDTA-free protease inhibitor cocktail (Roche)). The cells were lysed by the addition of lysozyme and sonicated. The lysate was cleared by centrifugation and applied to equilibrated calmodulin-affinity resin (Stratagene). The resin was washed with W buffer (50 mM Tris (pH 8.0) 500 mM NaCl, 1 mM imidazole, 1 mM MgCl 2 and 2 mM CaCl 2 ) and the protein was eluted in 3-5 ml of E buffer (50 mM Tris (pH 8.0), 500 mM NaCl and 2 mM EGTA). The eluate was applied to a HiPrep 16/60 Sephacryl S-100 HR column (GE Healthcare) wrapped with aluminum foil and equilibrated with G buffer (50 mM Tris (pH 8.0), 150 mM NaCl and 1 mM EDTA) running at 1 ml min −1 . Fractions with a significant A 447 nm were collected and analyzed by SDS-PAGE. The concentration of the solution was determined by measuring A 447 nm .
Experimental validation of dark-state Ja helix stabilization. We used solution NMR spectroscopy to investigate the structural and thermodynamic effects of the four LOV core and three Jα mutations in dark-state AsLOV2. The 15 N-1 H heteronuclear single quantum coherence (HSQC) spectra of all mutants in the isolated AsLOV2 are similar to that of the wild-type protein (data not shown), suggesting that they maintain the same overall structure 14 . (HSQC spectra of the F429K and I510K mutants suggested that these mutations undock the helix; therefore, these two mutations were not pursued further.)
To evaluate how these mutations affect the docking affinity between the LOV core and Jα in AsLOV2, we performed NMR relaxation-dispersion (RD) measurements. Conformational exchange processes occurring on the micro-to millisecond timescale contribute to NMR transverse relaxation rates (R 2 ) of the nuclei experiencing these dynamic processes. This exchangeoriginated contribution to R 2 is termed R ex and can be suppressed by a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse-train sequence, provided that the exchange rate is similar to the CPMG pulsing frequency (ν CPMG typically ranges from 100 s −1 to 1,000 s −1 ). Changes in the effective relaxation rate (R 2 eff ) as a function of ν CPMG give rise to a RD curve, where R ex is defined by equation 8:
For two-state exchange under conditions where R ex can be completely suppressed at higher ν CPMG , the fitting of the RD curves provides thermodynamic, kinetic and structural information of the process 21, 22 .
NMR spectroscopy experiments were performed at 25 °C on Varian Inova 600-MHz spectrometers. All NMR spectroscopy data were processed using NMRDraw and NMRview software 23, 24 . Relaxation-compensated constant-time CPMG pulse sequences were used to acquire 15 N relaxation dispersion data 25, 26 . A 40-ms constant time period was used for all experiments. For each CPMG series, repeats of one or two data points were performed, and the intensity of the repeats was used to calculate the s.d. of the series. In cases in which the s.d. was less than 2%, 2% was used in data fitting. For data points with repetition, the average of the two repeats was used for data fitting. Data were fit using software provided by L. Kay 22 . Our previous NMR spectroscopy analysis of AsLOV2-Jα established that residues showing relaxation dispersion experience the same two-state exchange process 17 . Therefore, relaxation dispersion curves were fit by a two-state model, using the same kinetic and thermodynamic values for all dynamic residues in the same protein. This global fit improves the accuracy of the fitting.
Backbone resonance assignments of the double mutant D419K,I532A were done using HNCACB and CBCA(CO)NH experiments [27] [28] [29] . The spectra of lit-state AsLOV2 proteins were acquired as described 14 . Briefly, the output from a 5-W Coherent Inova 90-C argon ion laser (472.7 nm) was delivered to the NMR tube (Wilmad, 5 mm) through a quartz fiber optic. The amount of light delivered to the NMR sample was directly measured (8) (8) before each experiment. All lit-state 15 N-1 H HSQC spectra were acquired using 50-mW laser pulses with a duration of 200 ms, which is controlled by a shutter.
Backbone 15 N RD measurements indicate that the G528A, I532A and N538E mutations on the Jα helix indeed stabilize the docked conformation. Of the two LOV core mutations predicted by HyPARE, only D419K stabilizes the docked conformation of the helix; in contrast, the Y508K mutation increases the Jα-undocked population by ~1.6-fold in the dark. Similar to wild-type AsLOV2, the residues that have a substantial R ex value are clustered at the LOV-Jα interface (Supplementary Fig. 4) . The RD curves of one of these residues, His517, indicates that R ex values decrease for the G528A and N538E mutations and the D419K,I532A double mutation (Supplementary Fig. 2a) . Consistent with the decreased R ex values, fit of the RD data indicate that those mutations indeed reduce the Jα-undocked population in the dark ( Table 1 ). In the wild type and the G528A and I532A mutants, the percentages of molecules with the helix undocked are 5.98 ± 0.08%, 4.5 ± 0.9% and 1.76 ± 0.03%, respectively (note that our previously reported value of 1.7% for the wild-type protein 17 was measured for a construct containing a longer C terminus). More generally, substantial variations were found in the equilibrium populations with the length of Jα (data not shown). Stronger effects were observed for the D419K,I532A double mutant and the N538E mutant, for which the Jα-undocked populations were reduced to 0.74 ± 0.02% for N538E and 0.73 ± 0.04% for D419K,I532A. These results show that the mutations stabilize interactions between the LOV core and Jα in the dark.
Circular dichroism spectroscopy.
We examined the effects of the G528A,I532A and N538E single mutations, and G528A,N538E and D419K,I532A double mutations on the lit-state AsLOV2 protein. We previously reported a measurement of lit-state docking in the wild-type protein that was determined by NMR chemical shift analysis 17 . However, the lit-state 15 N-1 H HSQC spectra of proteins containing the D419K,G528A and N538E mutations show varying degrees of line broadening in the Jα region (Supplementary Fig. 5 ). This broadening indicated the presence of intermediate-timescale exchange, which precluded the use of chemical shift analyses to estimate the Jα-docked population.
Instead, far-UV CD spectroscopy was used to measure changes in the Jα-docking equilibrium from the changes in Θ 222 nm values accompanying the unfolding of this helix. Given our signal-tonoise ratio, K helix values in the range of 0.1-10 can be reliably measured. Because K helix lit ≈ 10 for wild-type AsLOV2, docking stabilization down to K helix lit ≈ 0.1 is readily measurable. CD spectroscopy measurements were performed using a Jasco J-715 spectropolarimeter equipped with a temperature-controlled cuvette holder and a 0.1-cm-path-length cuvette. Illumination was from a single blue light-emitting diode (LED) connected to an external switch. The sample (1-7 μM AsLOV2) was illuminated from above for 60 s to saturated photoexcitation; then the LED was switched off and CD spectroscopy data were recorded at 222 nm for 250 s. The data were recorded in triplicate, averaged, converted to mean residue ellipticity and fit to a single-exponential function using IGOR Pro (Wavemetrics). The fitted parameters (amplitude, dark-state ellipticity) were normalized by the dark-state ellipticity.
After steady-state photoexcitation, we monitored Θ 222 nm until the sample recovered to the ground state (Supplementary Fig. 2b ).
